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Growth (change in mass) and calcium metabolism of embryonic turtles have received little 
attention. The present study extends this small data set to include the long-necked tortoise, 
Chelodina longicollis, Shaw (Testudinata: Chelidae). Eggs were 3/4 buried in vermiculite 
and incubated under controlled moisture (-200kPa) and temperature (30°C) conditions. 
Embryonic growth was described by the regression of log dry mass on log day of incubation. 
Total calcium in the egg did not change but was redistributed. The demand for calcium 
during embryogenesis exceeded the amount available from the yolk and albumen; the 
additional calcium required for osteogenesis was supplied by the shell. C] Growth, calcium 
metabolism, tortoise embryos. 
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The few studies that have considered growth 
(change in mass) of embryonic turtles have been 
restricted to cryptodires (Ackerman, 1980, 1981, 
Cheloniidae: Caretta, Chelonia; Miller, 1982, 
Cheloniidae: Caretta, Chelonia, Eretmochelys, 
Natator; Morris et al., 1983, Chelydridae, 
Chelydra serpentina; G. Packard et al., 1983, 
Emydidae, Chrysemys picta). Growth of these 
embryos follows an exponential or logistic form. 
There are no published data on the growth of 
embryonic pleurodiran turtles. 

Four studies have considered the pattern of 
calcium metabolism within incubating eggs of 
oviparous reptiles (Packard et al., 1984a, 
Chelydridae: Chelydra serpentina, Packard et 
al., 1984b, Colubridae: Coluber constrictor; 
Packard et al., 1985, Agamidae: Amphibolurus 
barbatus, Packard and Packard, 1986, 
Emydidae, Chrysemys picta). Other studies con- 
cerning the utilization of calcium in reptilian 
eggs only identified that the shell was the 
primary source (Simkiss, 1962, 1967; Bustard et 
al., 1969: Dermochelyidae, Cheloniidae). In 
eggs of the American snapping turtle, Chelydra 
serpentina, about 56% of the calcium for 
embryogenesis originates in the shell (Packard 
et al., 1984a); embryos of sea turtles obtain be- 
tween 60 and 80% of the required calcium from 
the shell (Simkiss, 1962, 1967; Bustard et al., 
1969). 

The present study was designed to extend the 


knowledge of growth and calcium metabolism in 
reptilian embryos to include the long-necked 
tortoise, Chelodina longicollis (Shaw, 1794) 
(Testudinata: Chelidae). The specific objectives 
were (a) to describe the pattern of embryonic 
growth, (b) to determine the amount of calcium 
in each of the compartments of the egg (yolk, 
albumen, shell) at oviposition and (c) to describe 
the pattern of calcium utilization and the relative 
contribution from these sources during develop- 
ment of the embryo. Preovulatory follicles were 
also analyzed for calcium content. 


METHODS 


Gravid tortoises were collected by netting 
dams between 13 November and 7 December, 
1983 at Herbert Park (30°27’S, 151°50’E), ap- 
proximately 25 km northeast of Armidale, NSW. 
Tortoises were housed in individual aquaria at 
ambient temperature (18-25°C). No tortoise was 
retained longer than 10 days. 

The straight carapace length (SCL) of each 
tortoise was measured to the nearest 0.01cm with 
calipers from the anterior edge of the nuchal 
(cervical) scute to the posterior edge of the 
postcentrals (12th marginals). Each tortoise was 
weighed to the nearest 5 grams using a Pesola 
spring balance. 

Tortoises were palpated in the inguinal area to 
determine if eggs were present. Oviposition was 


induced by intracoelomic injection of oxytocin 
at a dosage of 1 iu/100g of total body mass 
(Ewert and Legler, 1978). If the first injectiondid 
not produce eggs within one hour, a second 
injection was given. If no eggs were expelled, a 
third injection was given. No more than three 
injections were given to any tortoise; all eggs 
were laid in water. 

Within 2 minutes of egg laying, eggs were 
removed from the water, wiped dry, and num- 
bered using permanent ink. Eggs were weighed 
to the nearest 0.01 gram ona Bosch p115 top pan 
balance and measured (length and width) to the 
nearest 0.01cm with calipers. 

Eggs were incubated in 2.5 litre plastic con- 
tainers sealed with tight-fitting lids. Eggs were 
3/4 buried in vermiculite moistened to 15 % 
water by weight (approximately -200kpa). The 
moisture level was maintained by adding 3-8ml 
distilled water every 7-10 days during incuba- 
tion. The temperature was maintained at 307/. 
0.7°C throughout incubation. The position of 
each container was regularly shifted within the 
incubator to minimize the potential effects of 
temperature gradients (Bull ct al., 1982). 

If most eggs in a clutch did not exhibit a white 
area on the uppermost part of the shell (an indica- 
tion of viability) within 7 days of oviposition, the 
clutch was not used for the calcium metabolism 
experiments. 

One egg from cach clutch was collected at 
predetermined times during incubation (0, 20, 
30, 35, 40, 45, 50, 55, 60 days, and hatching). 
Each egg was re-weighed and re-measured at the 
time of sampling then opened and the contents 
were separated into embryo, yolk, membranes 
and fluids, and shell. The fresh mass of each 
component was obtained to the nearest mil- 
ligram, The embryos were staged according to 
Yntema (1968). To determine hatching success, 
it was assumed that normal embryos obtained 
from eggs sampled during incubation would 
have developed into normal hatchlings and it 
was assumed that abnormal embryos would not 
have produced hatchlings. 

Follicles (n=66) of different measured 
diameters (+0.01cm) were removed from the 
ovaries of four decapitated tortoises and weighed 
(= 0.01g). 

Each egg component and follicle was dried to 
constant mass at 60°C. Embryos were ground in 
a mill into fine particles; yolks and follicles were 
homogenized by hand using a mortar and pestle. 
Subsamples of 300mg or entire samples were 
digested in boiling, concentrated nitric acid 
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aided by 30 % hydrogen peroxide (both reagent 
grade). Samples were brought to 100m! volume 
with distilled water. Further dilutions of diges- 
tate were made using 0.02 % strontium chloride 
(1ml sample + 9ml dilutent) dispensed through 
an auto-dilution system (Hook and Tucker In- 
struments, New Addington, England). Five 
samples of water from vermiculite that had been 
soaked for 20 days in distilled water were also 
analyzed for calcium. 

The calcium content of each sample was deter- 
mined using a Pye Unicam SP 190 single-beam 
Atomic Absorption Spectrophotometer (using 
an air/acetylene flame) coordinated with an SP 
450 automatic sample changer following stand- 
ard procedures. 

The data were analyzed using one-way 
analysis of variance with the initial egg mass as 
the potential covariate (programme BMDP2V, 
Dixon et al., 1981), Further examination of the 
data for calcium in yolks and embryos was done 
by comparing the regressions for the variables 
among the clutches. This approach was taken 
because only one egg was collected from each 
clutch at the sampling times which precluded use 
of analysis of co-variance with groupings by 
clutch and day of sampling. Data for the regres- 
sion analysis were truncated to eliminate time 
zero because preliminary analysis demonstrated 
no significant differences occurred between data 
at time zero and day 20. Truncation simplified 
the curvilinear nature of the remaining data and 
allowed better comparison on a linear basis, Be- 
cause of this, however, these regression lines do 
not fully describe the entire data set. Sample 
sizes vary among the treatments; P = 0.05 was 
used to establish significance. Least Significant 
Difference (LSD) values were calculated using 
Statistix (Analytical Software, St Paul, MN, 
USA) computer program; calculation of other 
Statistical tests followed Zar (1974). 


RESULTS 


A total of 64 female tortoises were captured 
and injected with oxytocin; only 16 (25%) 
produced eggs (Table 1), usually after a third 
injection. The general effectiveness of oxytocin 
on the tortoises was low. The time interval be- 
tween injection and oviposition was variable. 
The shortest period was 1.5 hours and the longest 
was nearly 15 hours. All tortoises required at 
least two injections before oviposition was in- 
duced. Most tortoises were not obviously dis- 
tressed by handling or injection; all animals 
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TABLE 1. Summary on tortoises, clutches, incubation period, and hatching success. 


FEMALE 
NUMBER 


SCL 


(cm) OF EGGS 


USFD IN CALCIUM DFTERMINATION 


6A 
11 
16 
27 
41 
61 
82 
89 


122 


MEAN 
STD DEV 
MINIMUM 
MAXIMUM 
NUMBER 


6B 19.34 
15 17.84 
78 19.81 
99 

102 
103 
118 


17.12 
20.18 
19.25 


19.023 
0.932 

IIT. 

20.18 


MEAN 
STD DEV 
MINIMUM 
MAXIMUM 
NUMBER 


remained watchful and active during their cap- 
tivity. Oviposition was usually preceded by a 
slight increase in activity. 

In total, 175 eggs were induced from 16 tor- 
toises giving a mean clutch size of 10.93 eggs 
(sd=3.47, range=4-17) (Table 1). Non-viable 
eggs were found in 7 clutches containing 73 
eggs. 


SIZE AND WEIGHT OF FEMALE TORTOISES 

The mean straight carapace length (SCL) of 
female tortoises captured during the study was 
19.1cm (sd=2.229, Range=14.1-26.5, n=59). 
There was no significant difference between the 
mean SCL of tortoises that laid eggs (19.1cm, 
sd=0.867, range=17.72-20.18, n=11) and the 
mean SCL of those that did not (19.1cm, 


NUMBER 


SUCCESS 
(%) 


sd=2.411, range=14.12-26.5, n=48) (t=0.0831, 
df=57). In the group of tortoises that yielded 
eggs, there was no significant difference be- 
tween the SCL measurements of those tortoises 
whose eggs were used in the calcium experiment 
and the others (t=0.254, df=10). 

The mean mass of all female tortoises was 
855.4g (sd=229.7, range= 364-1440, n=62). 
There was no significant difference between the 
mean mass of the tortoises which yielded eggs 
(909g, sd=130.2g, range=720-1080, n=14) and 
the mean mass of those that did not (824.5g 
(sd=266.1, range=364-1440, n=48) (t=1.162, 
df=61). There was no significant difference be- 
tween the masses of those females whose eggs 
were used in the calcium experiment and the 
others (t=0.252, df=12). 
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Further comparisons between the tortoises 
used in the calcium experiment and the others 
that oviposited revealed no significant differen- 
ces in the number of eggs (t=1,344, df=14), total 
clutch weight (t= 1.5889, df=14), or in the per- 
centage of the female weight represented by the 
total clutch weight (t=1.346, df=12). 

The relationship between {he straight carapace 
length and mass of all female tortoises was 
described by the equation: SCL = 0.00835 
female mass + 11.983, R7 *=).86 where SCL is in 
em and weight is in grams. The relationship 
between SCL and logof the mass for the tortoises 
Which yielded eggs was described by the equa- 
lion; SCL(cm)= 21597-03572 log female mass 
(g), R’=0.26. 


SIZE, AND WEIGHT OF EGGS 

Based on the 102 viable eggs which were used 
in the study of calcium metabolism, the mean 
mass of freshly oviposited eggs grouped by 
clutch was 6.0g (sd=1.04, range=4.85-7.83, n=9 
clutches), The mean length of these eggs twas 
3.09¢m (sd=0.1824, range=2,81-3.38, n=9 
eluiches); the mean width was 1.82cm (sd=0.16, 
range=1,51-2,04, n=9 clutches). 

The relationships between egg length, width 
and mass Were described best by the equations: 

Mean Egg Width = -0.31621 (Mean Ege 
Length) + 2.7797, 

R*=0,074, P>0.05: 

Mean Egg Width = 0.14245 (Mean Ege Fresh 
Mass) + 0.9742, 

R7=(1.725, P<0,01 

Mean Egg Length = 0.03018 (Mean Egg Fresh 
Mass) + 2.5811, 

R7=0.037, P>U.05. 

There was a tendency for the width of eggs to 
increase aS mass increased, but the mean egg 
length did not increase proportionally. 

Female mass was not correlated with the nuni- 
ber of eggs produced (R*= 0.099, P>0.05) but 
was slightly correlated with mean egg mass (R= = 
0.247. P<0.05) (Fig. 1). The poor correlation 
between egg mass and female mass is partially 
explained by the ineffectiveness of the oxytocin 
on the tortorses; it is possible (hat some females 
were induced to oviposit incomplete clutches. 
The correlation between female SCL and total 
clutch mass was also poor (R°=0.269) and so was 
that between female mass and total clutch mass 
(R°=(0.512). The mass of clutches that contained 
viable eggs represented an average of 7.4 % 
({range= 5.16-9,02, n=9) of the female mass. 

There was a slight decrease in the mass of all 
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eggs during incubation (egg mass = -U.042 + 
6.563 days, n=102). The slopes of the regres- 
sions of the change in egg mass grouped by 
clutch were not significantly different (F 0.05 
[8,42]=1.123); however the elevations were (F 
0.05 [8,70]=56.64). Analysis of variance among 
the initial masses of the eggs from different 
clutches showed that significant differences oc- 
curred between clutches (Table 2). 

Among the 102 eggs used in the calcium study, 
95 eggs (93.1 %) produced normal embryos or 
hatchlings (given the assumptions above); only 
6.9 % of these eggs failed to develop normally. 

The mean duration of incubation at 30°/.0.7°C 
was 70.41 days (sd=S.85, range=63-82, n=12 
cggs from 7 clutches) when averaged from the 
clutch averages. When considered inde- 
pendently of clutch, the mean was 69.2 days 
(sd=5,25, range 63-82, n=12). 


WET AND DRY MASS 

The relation between wet mass and dry mass 
of follicles followed the power curve {log dry 
mass = 0,9608 + 0.6693 log wel mass, 
R*=(.993). The diameter and wet mass of fol- 
licles were related according to the equation: log 
wet mass = 2,896 + 0.4514 log diameter, 
R-=0.871, 

There was no significant difference between 
the mean mass of the 15 largest follicles and the 
mean mass of yolks of ovipositional eggs (wet 
mass: t=1,13, df=22, P>0.05). However, there 
was a significant difference between the dry 
masses (t=3.71, df=22, P<0.05), The mean dry 
mass of the follicles was heavier than that of the 
ovipnsitional egg yolks, this may have resulted 
from differences between clutches. 

At oviposition, a turtle egg is comprised of 
shell, albumen, yolk and embryo. However, the 
embryo is at the early gastrula stage (Yntema, 
1968; Cunningham, 1922; Lynn and von Brand, 
1945; Miller, 1985) and contributes little to the 
total mass, Because of the difficulty of removing, 
the blustodise from the yolk, its actual contribu- 
tion Was ignored until it could be retrieved (about 
Stage 10, Yntema, 1968). The proportions of the 
egg components changed little during the first 
third of incubation but thereafter the amount of 
yolk and albumen decreased and the amount of 
embryo increased (Table 3), 

The mass of the fresh egg shell decreased 
significantly during incubation (F 0.05{10,57] 
=3.885) but the dry mass of the shells did not 
decrease significantly (F 0,05[6,28] = 0,186). 

Although there was a significant decrease in 
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FIG. 1. The relation between female body weight and mean egg weight grouped by clutch. Letters identify 
clutches: D=15, E=102, F=16, H=82, 1=89, J=41, K=122, L=118, M=6b, P=78, Q=27, R=11, S=6a, T=61, 


U=103. 


the wet mass of the albumen beginning at about 
one-third of the incubation period (F 0.05[8,29] 
= 6.265), there was not a significant decrease in 
the dry mass of the solid material of the albumen 
during incubation (F 0.05[8,29] = 2.201). 


The wet mass of the yolk decreased sig- 
nificantly during incubation (F 0.05[10,55] = 
22.866). This was mirrored by the decrease in 
dry mass of the yolks (F 0.05[10,55] = 13.277) 
(Fig. 3). 

The combined mass of the fresh yolk and al- 
bumen decreased significantly during incuba- 
tion (F 0.05[9,42] = 15.464). The combined mass 


of dry yolk and albumen exhibited a significant 
decrease (F 0.05[9,42] = 26.416). 

The mass of water in the albumen, yolk and 
combined yolk and albumen decreased during 
incubation in concert with the decrease in the 
total mass of each. However, the percentage of 
water in the albumen and yolk remained relative- 
ly constant (Table 4). Water comprised ap- 
proximately 95.3% of the mass of fresh albumen 
throughout incubation. Water contributed ap- 
proximately 69.3 % of the total mass of the yolk 
at the beginning of incubation but only 56.3 % 
at hatching. There appeared to be little change in 
the proportion of water in the yolk during the first 
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TABLE 2. Results of analysis of variance between clutches for ovipositional weight, length, and width of eggs. 


OVIPOSITIONAL EGG WEIGHT 


REGRESSION 
RESIDUAL 


OVIPOSITIONAL EGG LENGTH 


REGRESSION 
RESIDUAL 


OVIPOSITIONAL EGG WIDTH 


REGRESSION 
RESIDUAL 


one-half of incubation but during the last half, 
the proportion of water decreased. Even though 
there was a nett decrease in the solid material in 
the yolk, the percentage of solids increased be- 
cause, proportionally more water than solids was 
removed. 


The fresh mass of the embryos increased sig- 
nificantly (F 0.05[9,61] = 24.157) during incuba- 
tion. In embryos, as the amount (mass) of water 
increased, the percentage of water decreased 
(Table 4). The dry mass of embryos increased 


DEGREES 
FREEDOM 


8 12.945 154.597 
93 0.984 


SQUARES 


103.561 
7.787 
S115 
0.671 


2.097 
1.541 


MEAN 
SQUARE 


0.001 


53.943 | 0.001 
15.821 | 0.001 


significantly during incubation (F 0.05[9,60] = 
20.588). 


STAGE OF DEVELOPMENT 

The stage of development reached by the 
embryos at any given time during incubation at 
30°C was described by the equation: log stage = 
1.448 + 0.4325 log days, R?=0.651. The stages 
of development increased rapidly during the first 
half of incubation and began to plateau shortly 
thereafter (Fig 2). This is predictable because 
more stages are defined to occur during this 


TABLE 3. Percent composition of fresh egg components at selected times during incubation. ND=not 
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FIG. 2. Stages of development of Chelodina longicollis based on the table of normal development for Chelvdra 
serpentina (Yntema, 1968). The box provides some of ihe characteristics for determining the stage. 


period when differentiation is occurring rapidly 
(sce Yntema. 1968). Development of the allan- 
tois began before the mid-point of incubation. As 
the membrane grew into position to participate 
fully in metabolic activity, embryonic growth 
accelerated. 


CALCIUM IN FOLLICLES AND EGGS 

The calcium available from the incubation 
medium (vermiculite + distilled water) averaged 
0.0 19mg (range=0.025-0.015, n=5). The pattern 
of increase in calcium in follicles of increasing 
dry mass followed the formula:log Ca = 1.3483+ 
1.2086 log dry follicle mass ( R~=0.792). The 
amount of calcium contained in the 15 largest 
follicles did not differ significantly from that in 
ovipositional yolks (t = 0.268, P > 0.05). 

Twelve samples of shell were analyzed to pro- 
vide an estimate of total calcium available for 
translocation into the developing embryo. Shells 
were collected from early in incubation because 
later shells tended to fragment. The mean of the 


samples was 184.9mg Ca (sd=41.054, 
range=135.6-248.7). 


Eighteen samples of albumen were analyzed 
to determine calcium content. The mean was 
0.6252mg Ca (sd=0.4422. range=0.119-1.637). 
The samples were accepted only as an indication 
and were not subjected to further analysis be- 
cause of the potential of contamination by other 
materials (e.g. blood, extra-embryonic fluids and 
granules of shell) during preparation. 

The amount of calcium in the yolk did not 
change significantly during the first 30 days of 
incubation, then it declined rapidly for about 20 
days after which it leveled off at about 2% of the 
mean starting value (Fig. 4, Table 5). Analysis 
of variance with initial egg mass as the potential 
covariate showed there was significant decrease 
in the amount of calcium in the yolk (F 
0.05[9,69] = 135,40). Comparison of the slopes 
of regression lines of the amount of calcium in 
the yolk against time for each clutch were not 
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FIG. 3. The change in dry mass of embryos and yolks during incubation of Chelodina longicollis eggs. Vertical 
lines indicate one standard deviation; numbers are sample sizes. Means that are separated by at least one LSD 


bar are significantly different at the 0.05 level. 


significantly different (F 0.05[8,50] = 1.594) but 
the elevations were (F 0.05[8,58] = 3.058). 


The concentration of calcium in the yolk 
remained relatively stable for the first half of 
incubation but decreased thereafter to hatching 
(Fig. 5). Analysis of variance with initial egg 
mass as the potential covariate revealed that the 
concentration of calcium in the yolk decreased 
significantly during incubation (Table 6). Dif- 
ferent clutches displayed significantly different 
slopes indicating that the concentration of cal- 


cium during incubation was significantly dif- 
ferent (Table 6). 

The amount of calcium in the embryos did not 
increase significantly until after 30 days of 
development. The rate of change was slow at 
first then increased rapidly until just before 
hatching. The amount of calcium in the embryo 
of ovipositional eggs was assumed to be negli- 
gible; this was confirmed by analysis of slightly 
older embryos (Table 5). Analysis of variance 
with initial egg mass as the potential covariate 
demonstrated that significant differences oc- 
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TABLE 4. Percentage of water and solids in egg components al selected times during incubation. ND= not 


determined, 


PERCENT WATER 

ALBUMEN MFAN 
STD DEV 
NUMBER 


YOLK MEAN 
STD DEV 
NUMBER 


EMBRYO MEAN 
STD DEV 
NUMBER 


PERCENT SOLIDS 

ALBUMEN MEAN 
STD DEV 
NUMBER 


YOLK MEAN 
STD DEV 
NUMBER 


EMBRYO MEAN 
STD DEV 
NUMBER 


curred in the amount of calcium in the embryos 
during incubation (Table 6). 


The concentration of calcium in the embryos 
increased steadily from about 20-30 days until 
hatching (Fig. 5). The increased variance following 
60 days of incubation resulted from either of two 
sources: (1) contamination by extra-embryonic 
fluids, blood, or granules of shell or (2) non-dis- 
crimination between late stage embryos and hatc- 
hlings. Analysis of variance with initial egg mass 
as the potential covariate substantiated that the 
concentration of calcium increased significantly 
during incubation (Table 6). 

The total amount of calcium in the egg, exclud- 
ing the shell, increased significantly during in- 
cubation (Tabie 6). The pattern of change in the 
tatal calcium followed that of the yolk for slight- 
ly more than the first half of incubation and 
followed the increase in the embryo thercafter 
(Fig. 5). The demand for calcium by the embryo 
for osteogenesis exceeded the amount available 
Irom the yolk and albumen combined. Because 
only a low concentration of calcium was avail- 
able from the incubation medium and because 
eggs showed a net loss of water during incuba- 


DAY OF INCUBATION 


tion, it is assumed that the extra requirement was 
supplied by the shell. 


DISCUSSION 


References to studies of the ecology and 
general biology of Chelodina longicollis are 
provided by Cogger ct al. (1983); Parmenter 
(1976) studied the ecology of this tortoise in the 
Armidale region and provided a comparative 
review of the older literature. 

Parmenter (1976, 1985) found that larger 
Tomales tended to lay more eggs than smaller 
ones. The average number of eggs reported was 
13.9 (sd=4.29, range 6-23, n=74). The average 
clutch size in the present study was 10.93 (range 
4-17) eggs. Both of these values are consistent 
with other reports on the number of eggs per 
clutch (Harrington, 1933: n=up to 20, Goode. 
1967: n=10-15; Krefft, 1865; n=15-20; Mc- 
Cooey: 1887, n=15-36; Lucus and Le Souef. 
1909: n=7-21; Vestjens, 1969: n=13-24). 

At an incubation temperature of 30°C, incuba- 
tion requires 60-69 days (Parmenter, 1976, 
1985), 73-78 days (Goode and Russell, 1968), 
53-76.5 days (Legler. 1985) and 63-82 (this 
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FIG. 4. The content of calcium in embryos, yolks and total egg (excluding the egg shell) during incubation of 
Chelodina longicollis eggs. Vertical lines indicate one standard deviation; numbers are sample sizes. Means 
that are separated by at least one LSD bar are significantly different at the 0.05 level. 
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FIG. 5. The concentration of calcium in embryos and yolks during incubation of Chelodina longicollis eggs. 
Vertical lines indicate one standard deviation; numbers are sample sizes. Means that are separated by at least 
one LSD bar are significantly different at the 0.05 level. 


study). Because the duration of incubation varies Parmenter (1976) reported a very strong cor- 
inversely with temperature, eggs incubated relation between the log of female mass and 
under natural conditions require longer to hatch straight carapace length (SCL) (R°=0.97). In the 
(Goode, 1967: 130-137d; Goode and Russell, present study, the linear regression had the best 
1968: 131-145d; Vestjens, 1969: 118-150d; Par- correlation between female mass and SCL. Par- 
menter, 1976: 105-123d). menter (1976) also found a significant, positive 
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TABLE 5. Amounts of calcium (mg) in egg camponents at selected times during incubation, ND=not 


determined. 


ALBUMEN MEAN 
STD DEV 
NUMBER 


YOLK MEAN 
STD DFv 
NUMBER 


EMBRYO MEAN 
STD DEV 
NUMBER 


SHELI MEAN 
STD DEV 
NUMBER 


ALBUMEN GROUPS NOT SIGNIFICANTLY DIFFERENT 
ANOVA’ F 0.05 [4,9]=0.5819 


EMBRYO GROUPS SIGNIFICANTLY DIFFERENT 
ANOVA. F0.001[3,24]=60.284 


correlation between the size. of the female and 
the total number of eggs in the clutch. This was 
not supported in the present study but may simp- 
ly reflect differences in sample sizes. Although 
there was a reasonable correlation (R°=0.77) 
between egg diameter and the SCL of the female, 
the correlation between egg length and SCL was 
poor (R°=0.18) (Parmenter, 1976). The 
generalization that egg length does not incrcase 
substantially with SCL but that egg diameter 
does was supported by the present results. The 
correlation between mean egg width and mean 
egg mass is associated with an increase in follicle 
diameter in larger females. Although not 
demonstrated in the present study, the increase 
in follicle diameter affects the diameter and in- 
crease in mass of the eggs in marine turtles 
(Miller, 1982). Because the eggs are oval and the 
yolks are round, there is little albumen between 
the vitelline membrane of the yolk and the inner 
portion of the shell membrane. The albumen is 
situated primarily towards the ends of the egg. 

Embryonic growth in Chelodina longtcollis as 
indicated by the change in dry mass of cmbryos 
and yolks is similar to Ihat reported for Chelydra 
serpentina (Morris et al., 1983) and follows the 
gencral pattern of embryonic growth in marine 
turlles (Ackerman, 1981; Miller, 1982), 


DAY OF tNCUBATION 
20 35 


YOLK GROUPS SIGNIFICANTLY DIFFERENT 
ANOVA: FO.00t [4,36] =28.311 


SHELL GROUPS NOT SIGNIFICANTLY DIFFERENT 
ANOVA: F 0.005[2,7}=0.3705 


The distribution of calcium in fresh eggs of 
Chelodina longicollis is similar to that reported 
for other species of oviparous reptiles (sce Pack- 
ard and Packard, 1984). At oviposition the al- 
bumen contained only a small quantity of 
calcium. The yolk contained more, but Icss than 
the egg shell (Table 5). At the end of incubation, 
calcium reserves in the albumen had not been 
significantly reduced. Those of the yolk were 
reduced and calcium in the cmbryo had in- 
creased significantly. 

The yolk contributed about 30% of the total 
calcium required by the developing embryo; the 
remaining 70% of the embryonic requirement 
was derived from the shell. This compares 
favorably with the contribution (% Ca) made by 
the egg shells of sea turtles (Cheloniidae and 
Dermochelyidae) of between 60 and 80 % (Sim- 
kiss, 1962, 1967; Bustard et al., 1969; Miller and 
Jones, unpub data). The contribution madc by 
the egg shell of Chelodina longicollis is about 15 
% higher than eccurs in Chelydra serpentina 
(56%, M. Packard et al., 1984b) and is much 
higher than the contribution made by the poorly 
calcified egg shell of the snake Coluber constric- 
tor (21 %, M. Packard et al, 19S4a) and the 
lizard Amphibolurus barbatus (40 % M. Packard 
etal., 1985). 
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TABLE 6. Analysis of variance tables for calcium content and concentration in embryos, yolks, and the total egg 
(excluding shell) with initial egg weight as the potential covariate based on log (value + 1) NS=Not Significant. 


YOuK Dry WEIGHT (£) 
Day of incubation 
Initial egg weight 
Error 


4.841 
0,809 
1.094 


EMBRYO DRY WEIGHT (g) 
Day of incubation 
Initial egg weight 
Error 


YOLK CA 
CONCENTRATION (mg/g) 
Day of incubation 
Initial egg weight 
Error 


EMBRYO CA 
CONCENTRATION (mg/g) 
Day of incubation 
Initial egg weight 
Error 


YOLK CA (mg) 
Day of incubation 
Initial egg weight 
Error 


EMBRYO CA (mg) 


Day of incubation 112.512 
Initial egg weight 0.625 
Error 4.683 


TOTAL CA (mg) IN EGG 
EXCLUDING SHELL 

Day of incubation 
Initial egg weight 

Error 


The total calcium in the entire egg (shell, al- 
bumen, yolk, embryo) apparently does not 
change but is redistributed. The total egg con- 
tains enough calcium for embryogenesis without 
obtaining any from the environment. However, 
the combined yolk and albumen cannot supply 
the requirements for embryogenesis without 
augmentation from the shell. The pattern of 
embryonic growth and incorporation af calcium 
indicates that the two sources (yolk, shell) are 
utilized more or less sequentially. More calcium 
is derived from the shell later in incubation as 
reserves in the yolk decline. This is consistent 
with the pattern of development of the allantois 
and indicates that extraction from the egg shell 


SOURCF SUM OF DEGREES MEAN F 
SQUARES FREEDOM SQUARE 


is by the choriaallontic membrane. Further, the 
two sources of calcium are not utilized equally 
by the embryo. By the end of incubation the 
calcium in the yolk was nearly exhausted; 
whereas the shell contained sufficient calcium to 
supply all the cmbryonic demand (based on 
samples taken carly in incubation, Table 5). 
The pattern of calcium utilization by 
embryonic Chelodina longicollis is similar to 
that reported for Chelydra serpentina (Packard 
elal., 1984a) and Chrysemys picta (Packard and 
Packard, 1986). The amount of calcium in the 
yolk is at first relatively stable suggesting little 
use of calcium by the embryo. However, the 
amount of yolk declines sharply after about 50 


ti ol incubation, Similarly, there is no derectable 
change in calcium during the carly stages of 
embryonic differentiation. However. Ihe amount 
nf calcium increases rapidly after the embryo 
begins the growth phase of developmen], The 
unly noticeable variation in the two patterns 
occurs lale on incubation of Chelodina longicol- 
fy when the iates of calcium uptake in the 
embryo and lass by the yolk is slow. This may 
he the case in reptilian eggs when the incubation 
period is variable, The incubation ranged be- 
tween 63 and 82 days under constant conditions. 
This range is equal to ane-thint of (he fastest 
developmental time and one-quarter of the 
slowest At present the variation cannot be 
evaluated because few clutches were incubated, 
und the possibility of a subtle influence by minor 
temperature gradients canno! be discounted. 
There may also have been a minor influence 
resulling fmm foreed oviposition, as has been 
shown i lizards (Jones, 1983), 

Rapid mobilization of calcium into the embryo 
inthe later hall of incubation coincides with the 
ostevgenic phase of development. The primary 
use of calcium by the embryo is in the building 
af fones (Simboss, 1967). 

Embryonic calcium levels increase in concert 
with the decrease in yolk calcium. The yolk 
supplies the calcium necessary lor the iniliation 
of ile embryonic growth phase. The somatic 
development of the embryo requires caleium 
(albeit small quantities) al a time when the allan- 
Inis has nnt develnped sulficiently to give ready 
access to the reserves.in the shell As the vilelline 
membrane extends around the yolk, the arca 
between the sinus icuninalis and the embryo 
becomes vasculanised. This occurs close enough 
m the inner part of the shell membrane to atlow 
the necessary respinuary exchanges only a thin 
laver of albumen and the chorion lie between 
them. This degree ol apposition may alluw some 
translocation of calcium. Certainly, as the area 
vasculosa of the vitelline increases, befure the 
allantois extrudes between it und the chorion, 
some calcium may be acquired from thy shell, 
However, at this time the demand is small and 
ihe vascularised Surface nf the vilelline is aclive- 
ty interacting with the yolk lor the general nutri- 
tion of the embryo and apparently selectively 
removes calcium (sec Packard et al, 198da: 
Packard and Packard, 1984). The development 
of thy allantois prior to (or simultancousty with) 
the increase in demand for oxygen and calcium 
ensures support for the growth phase. 

Phe role of respirnory exchange in the trans- 
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location of calcium in reptilian eggs has nor heen 
demonstrated bul gas exchange plays an impor- 
tanl role in Ganslocalian during avian develop- 
ment (Crooks and Simkiss, 1974), Packard and 
Packanl (1984) provide critical speculation 
about the function of the chorioallantais in trans- 
location of calcium but no experimental data are 
available. 

During incubation, embryos of domestic fowl 
(Gallus domesticus) store calcium derived from 
the shell in the volk to such an extent that by 
hatching the yolk contains more calcium (50-75 
%) and at a higher concentration than at oviposi- 
tion (Johnston and Comar, 1955; Romanoll, 
1967; Simkiss. 1967; Crooks and Simkiss. 
1974). In contrast, the amount of calcium in 
yolks of Chelydra serpentina (Packard ct al, 
1984a), Chrysemys picta (Packard and Packard, 
1986) and Chelodina longicollis decrease during 
incubation, The decrease in concentration of cal- 
cium in the yolk indicates that these embryos 
selectively remove calcium from the yolk, Sim- 
kiss (1967) reported a decline in the amount of 
calcium in yolks of Curette curetta during in- 
cubation, althongh the lempural changes in the 
quantity and concentration were not determined; 
ly alse reported that the tealcium in the egy 
contents increases rapidly in the latter part of 
incubalion and is five times greater at hatching 
than in the Tresh egg” (Simkiss, 1967, p.229). 
tarlier, Simkiss (1962) demonstrated a fourfold 
increase of calcium within the egg of Dermache- 
lys coriacea. Clearly these oviparous reptiles 
follow a simlar pattern of otilizanon of calerum 
that is quite different from the pattern followed 
by birds. 

Although all the calcium tor embryogenesis is 
available Trom the yalk and shell, the ultimate 
source nf calcium is (he female who seereies 
both of these structures. Very little work has 
focused an this aspect of the overall role of 
calcium in reprnductinn. Data derived Irom a 
number ol different reptiles (see review by Sim- 
kiss. 1967) provides only a partial picture. 
Repraductinn by an oviparous reptile can be 
subdivided into twa phases. The first phase in- 
eludes the preparation of the follicles prior to 
ovulation, This may require only o month or so 
in some lizards or as long as two years or more 
(e.g. Vipera berus}. The scennd phase is the 
deposilion of the shell around the ovulated ova. 
The process of vilellogenesis provides the yolk 
proteins containing calcium overs period of time 
thal is typically longer than the period required 
for deposition of the shell. The fnrmer does not 
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put as much stress on the calcium budget of the 
female as does the latter. The proximal source of 
calcium for vitellogenesis and shell deposition is 
bone (Dessauer and Fox, 1959) but the ultimate 
sourcc is the dict of the female. 


ACKNOWLEDGEMENTS 


Tortoises were collected under permit A213 
issucd by the New South Wales National Parks 
and Wildlife Service. The research was funded 
by a grant (82/n/1) from the Australian Nuclear 
Science and Technology Organisation (formerly 
the AAEC). Lynda Bridges assisted with the 
husbandry of eggs and with analysis of samples. 
The Department of Botany, UNE, graciously 
allowed use of their Atomic Absorption 
Spectrophotometer. R. Hobbs gave advice on the 
statistical analysis. G. Rawlins aided computer 
analysis. G.C. and M.J. Packard freely discussed 
many ideas on calcium metabolism in embryonic 
reptiles. C. Limpus, H. Heatwole and R. Harden 
critically read thc manuscript; two anonymous 
reviewers made useful suggestions. 


LITERATURE CITED 


ACKERMAN, R.A. 1980. Physiological and ecologi- 
cal aspects of gas exchange by sea turtle eggs. 
Amer. Zool. 20: 575-583. 

1981, Growth and gas exchange of embryonic sea 
turtles (Chelonia, Caretta). Copeia 1981 (4): 
757-765. 

BULL, J.J., VOGT, R.C. AND BULMER, M.G. 
1982. Heritability of sex ratio in turtles with 
environmental sex determination. Evolution 36: 
333-341. 

BUSTARD, H.R., SIMKISS, K. AND JENKINS, 
N.K. 1969. Some analyses of artificially in- 
cubated eggs and hatchlings of green and logger- 
head sea turtles. J. Zool. Lond. 158: 311-315. 

COGGER, H.G., CAMERON, E.E. AND COGGER, 
H.M. 1983. ‘Amphibia and Reptilia. Vol 1. 
Zoological catalogue of Australia.” (Australian 
Government Printing Service: Canberra). 

CROOKS, R.J. AND SIMKISS, K. 1974. Respiratory 
acidosis and eggshell resorption by the chick 
embryo. J. Exp. Biol. 61: 197-202. 

CUNNINGHAM, B. 1922 . Some phases in the 
development of Chrysemys cinerea. J.Elisha 
Mitchel Soc.38:51-73. 

DESSAUR, H.C. AND FOX, W. 1959. Changes in 
ovarian follicle composition with plasma levels 


435 


of snakes during estrus. Am. J. Physiol. 197: 
360-366. 

DIXON, W.J., BROWN, M.B., ENGLMAN, L., 
FANE, J.W., HILL, M.A., JENNRICH, R.1. 
AND TOPOREK, J.D. 1981. ‘BMDP Statistical 
Software.’ (Univ. Calif. Press: Davis). 

EWERT, M.A. AND LEGLER, J.M. 1978. Hormonal 
induction of oviposition in turtles. Her- 
petologica 34: 314-318. 

GOODE, J. 1967. ‘Freshwater Tortoises of Australia 
and New Guinea.’ (Lansdowne Press: Mel- 
bourne). 

GOODE, J. AND RUSSELL, J. 1968. Incubation of 
eggs of three species of chelid tortoises, and 
notes on their embryological development. 
Aust. J. Zool. 16: 749-761. 

HARRINGTON, K.H. 1933. Breeding habits of 
Chelodina longicollis. S.A. Natur. 15: 25-27. 

JOHNSTON, P.M. AND COMAR, C.L. 1955. Dis- 
tribution and contribution of calcium from the 
albumen, yolk and shell to the developing chick 
embryo. Am. J. Physiol. 183: 365-370. 

JONES, M.E. 1983. Some aspects of the developmen- 
tal physiology of eggs of the bearded dragon, 
Amphibolurus barbatus (Cuvier). (Unpublished 
Honours thesis, Univ. New England, Armidale, 
N.S.W). 

KREFFT, G. 1865. Vertebrata of the lower Murray 
and Darling. Trans. Phil. Soc. N.S.W: 24-25, 

LEGLER, J.M. 1985 Australian Chelid turtles: 
reproductive patterns in wide-ranging taxa. 
pp.53-61./n Grigg, G., Shine, R. and Ehmann, 
H. (eds), ‘Biology of Australasian frogs and 
reptiles.” (Surrey Beatty & Sons: Royal Soc. 
N.S.W : Chipping Norton). | 

LUCUS, W.G. AND LE SOUEF, W.H. 1909. 
Chelonia. /n ‘The animals of Australia. Mam- 
mals, reptiles and amphibians.’ (Whitcombe and 
Tombs: Melbourne), 

LYNN, W.G. AND VON BRAUN, T. 1945. Studies 
on the oxygen consumption and water 
metaboloism of turtle embryos. Biol. Bull. 
88:112-125. 

MCCOOEY, H.J. 1887. Notes on the method adopted 
by the female of the common freshwater tortoise, 
Chelodina longicollis, in the excavation of the 
burrows in which her eggs are to be deposited. 
Proc. Linn. Soc. N.S.W 12: 107-108. 

MILLER, J.D. 1982. Embryology of marine turtles. 
(Unpublished Ph.D. thesis, Univ. New England, 
Armidale, N.S.W.). 

MILLER,J.D. 1985. Embryology of marine turtles. pp 
269-328. Jn Gans,C., Billet, F. and Maderson, 
P.(eds), ‘Biology of the Reptilia Vol.14. 


436 


Development A’. (John Wiley and Sons: New- 
York). 

MORRIS. K.A., PACKARD, G.C. BOARDMAN, 
T.J., PAUSKTIS, G.L. AND PACKARD, MJ. 
1983. Effect of the hydric environment on 
growth of embryonic snapping turtles (Chelydra 
serpentina). Herpetologica 39: 272-285. 

PACKARD, M.J. AND PACKARD, G.C. 1984. 
Comparative aspects of calcium metabolism in 
embryonic reptiles and birds. pp. 155-179. In 
Semour, R. (ed.), ‘Respiration and metabolism 
of embryonic vertebrates’. (D.W. Junk: The 
Hague). 

1986. Effect of water balance on growth and cal- 
cium metabolism of embryonic painted turtles, 
Chrysemys picta. Physiol. Zool. 59(4): 398-405. 

PACKARD, M.J., PACKARD, G.C., BOARDMAN, 
T.J., MORRIS, K.A. AND SHUMAN, R.D. 
1983. Influence of water exchanges by flexible- 
shelled eggs of painted turtles Chrysemys picta 
on metabolism and growth of embryos. Physiol. 
Zool. 56: 217-230. 

PACKARD. M.J., PACKARD, G.C. AND GUTZKE, 
W.H.N. 1984b. Calcium metabolism in the 
embryos of the oviparous snake Coluber con- 
strictor. J, exp. Biol. 110: 99-112. 

PACKARD, M.J., PACKARD, G.C., MILLER, J.D., 
JONES, M.E. AND GUTZKE, W.H. 1985. Cal- 
cium mobilization, water balance and growth in 
embryos of the agamid lizard Amphibolurus bar- 
batus, J. exp. Zool. 235: 349-357. 

PACKARD, M.J., SHORT, T.M., PACKARD, G.C. 


MEMOIRS OF THE QUEENSLAND MUSEUM 


ANDGORELL, T.A. 1984a. Sources of calcium 
for embryonic development in eggs of the snap- 
ping turtle Chelydra serpentina. J. exp. Zool. 
230: 81- 87. 

PARMENTER, C.J. 1976. The natural history of the 
Australian freshwater turtle Chelodina longicol- 
lis Shaw (Testudinata, Chelidae). (Unpublished 
Ph.D. thesis, Univ. New England, N.S.W.). 

1985. Reproduction and survivorship of Chelodina 
longicollis (Testudinata:Chelidae). pp. 53-61. Jn 
Grigg, G., Shine, R. and Ehmann, H. (eds), 
‘Biology of Australasian frogs and reptiles’. 
(Surrey Beatty & Sons: Royal Soc. N.S.W.: 
Chipping Norton). 

ROMANOFF, A. 1967. ‘Biochemistry of the avian 
embryo.’ (John Wiley: New York). 

SHAW, G. 1794. The zoology of New Holland. 1l- 
lustrated by J. Sowerby. (London). 

SIMKISS, K. 1962. The sources of calcium for the 
ossification of the embryo of the giant leathery 
turtle. Comp. Biochem. Physiol. 7: 71-99. 

1967. ‘Calcium in reproductive physiology.’ (Rein- 
hold: New York). 

VESTIJENS, W.J.M. 1969. Nesting, egg-laying and 
hatching of the snake-necked tortoise at Canber- 
ta, A.C.T. Aust. Zoologist 15: 141-149. 

YNTEMA, C.L. 1968. A series of stages in the 
embryonic development of Chelydra serpen- 
tina. J. Morph. 125: 219-251. 

ZAR, J.R. 1974. ‘Biostatistical analysis’. (Prentice- 
Hall: Englewood Cliffs, N.J.). 


